Pea (Pisum sativum L.) satellited chromosome reconstructions were analyzed by cytologic markers to identify segregation distortion events. The presence of modified chromosomes was evaluated on the basis of additional rDNA genes, an extra and a longer satellite, all derived from chromosome 5 and chromosome 7 from P. fulvum Sibth. & Sm. The segregation of modified satellited chromosome 5 was monitored through fluorescent in situ hybridization with rDNA probe; it fitted the expected 1:2:1 ratio after self-pollination of a heterozygous genotype for modified chromosome 5. In different genotypes, which were heterozygous for both modified chromosomes 5 and 7, the combined segregation of these chromosomes showed the occurrence of seven karyotype classes instead of the expected nine. The classes with modified chromosome 7 and without modified chromosome 5, whether heterozygous or homozygous, were absent. The hypothesis of gamete selection was rejected since the expected segregation ratio of 5:3:1 was significant by chisquare test. Based on the other hypothesis of postzygotic selection, the segregation ratio did not show a significant deviation from the expected 9:3:1 ratio, thereby indicating that embryo abortion caused the segregation distortion (SD). The hypothesis of the SD system involving two loci carried by the alien satellites of modified chromosomes 5 and 7 is discussed in relation to the evolution of the P. fulvum genome.
Pea (Pisum sativum L.) satellited chromosome reconstructions were analyzed by cytologic markers to identify segregation distortion events. The presence of modified chromosomes was evaluated on the basis of additional rDNA genes, an extra and a longer satellite, all derived from chromosome 5 and chromosome 7 from P. fulvum Sibth. & Sm. The segregation of modified satellited chromosome 5 was monitored through fluorescent in situ hybridization with rDNA probe; it fitted the expected 1:2:1 ratio after self-pollination of a heterozygous genotype for modified chromosome 5. In different genotypes, which were heterozygous for both modified chromosomes 5 and 7, the combined segregation of these chromosomes showed the occurrence of seven karyotype classes instead of the expected nine. The classes with modified chromosome 7 and without modified chromosome 5, whether heterozygous or homozygous, were absent. The hypothesis of gamete selection was rejected since the expected segregation ratio of 5:3:1 was significant by chisquare test. Based on the other hypothesis of postzygotic selection, the segregation ratio did not show a significant deviation from the expected 9:3:1 ratio, thereby indicating that embryo abortion caused the segregation distortion (SD). The hypothesis of the SD system involving two loci carried by the alien satellites of modified chromosomes 5 and 7 is discussed in relation to the evolution of the P. fulvum genome.
Pisum fulvum is a wild diploid species (2n ϭ 2x ϭ 14) of potential value for pea breeding because it possesses drought tolerance (Ali et al. 1994 ) as well as resistance to bruchids ( Hardie et al. 1995) . In Pisum, interspecific hybridization was made possible by using P. fulvum as the male parent, whereas reciprocal crosses resulted in stunted seedlings that died a few weeks after germination ( Ben-Ze'ev and Zohary 1973) . The pollen fertility of P. sativum ϫ P. fulvum F 1 hybrids was proved very low, but it increased after backcrossing to P. sativum . P. sativum and P. fulvum are distinguished by two reciprocal translocations, T(1-7) and T(3-5), which clearly account for the decrease in male gamete viability in F 1 hybrids ( Errico et al. 1991) . Additional karyotypic differences occur in the number of nucleolus-organizing chromosomes: P. sativum contains two pairs of satellited chromosomes (4 and 7), while P. fulvum has three pairs (4, 5, and 7); moreover, the satellite of chromosome 7 is longer in P. fulvum than in P. sativum. Pea lines with reconstructions of chromosomes 5 and 7 were obtained by transferring the satellites from P. fulvum into P. sativum through interspecific hybridization and subsequent backcrosses. Therefore the reconstructions are represented by extra rDNA genes plus the satellite in chromosome 5 and a longer satellite in chromosome 7. The effect of these modifications was monitored on some morphologic traits, but neither the additional rDNA loci nor the extra satellite regions correlate with any obvious phenotypic change , although variations in the genetic and molecular organization of rRNA genes were reported to be associated with adaptive or selective advantages ( Kaufman et al. 1996; Rocheford 1994; Rogers and Bendich 1987) . A deviation from the expected Mendelian segregation ratio was observed with reference to modified chromosome 7 in self-pollinations . Since several molecular marker linkage maps are available, distorted segregation is reported as a common phenomenon in intra-and interspecies hybrids, although higher in distant crosses. Many factors have been suggested as causes of distortion; however, skewed segregation at specific marker loci was often interpreted as the result of linkage between the markers and lethal or (sub)lethal genes which are involved in different phases of reproduction: sporogenesis, fertilization, seed development, and seed germination (Cheng et al. 1998; Zamir and Tadmor 1986) . A segregation distortion factor, Sd-1, was mapped in a wheatgrass species proximal to leaf rust resistance ( Zhang and Dvorak 1990) ; preferential transmission of the chromosome carrying Sd-1 occurred because the gametophytes lacking this chromosome degenerate. The magnitude of the gametocidal response elicited by Sd-1 is under multigenic control (Marais 1992; Prins et al. 1997 ).
To ascertain whether pea chromosome reconstructions caused segregation distortion phenomenon, genetic and cytologic analyses were performed in self-pollinations of F 1 BC 5 plants by using satellites and FISH signals as cytologic markers.
Materials and Methods

Plant Material
Three pea plants with reconstructions of nucleolar chromosomes 5 and 7 and their offsprings from self-pollination were analyzed in this work. Two plants (22-4 and 23-6) were heterozygous for modified chromosomes 5 and 7; one plant (2-6) was heterozygous for modified chromosome 5 alone. These plants were derived from the F 1 BC 5 generation coming from interspecific hybridization between P. sativum ( Lamprecht's standard line 110) and P. fulvum (accession JI224 provided by the John Innes Institute, Norwich, UK) and from five backcrosses to P. sativum (cv. Proteo). Backcross plants were previously characterized .
Cytologic Preparations and FISH
The seeds were germinated on moistened cotton wool in a multiwell tissue culture plate in a growth chamber at 24ЊC. When the primary roots were 1-2 cm long they were excised and incubated in an aqueous solution of 0.1% 5,7-dibromo-8-hydroxyquinoline for 16 h at 4ЊC to arrest cells in metaphases, rinsed in water, and fixed in absolute ethanol-acetic acid (3:1) (v/v) for at least 2 h. The root tips were hydrolyzed in 5 N HCl for 55 min at room temperature, stained by Schiff's reagent for 2 h, and squashed in a drop of 45% acetic acid. Slides were made permanent with Entellan (Merck) after dehydration in ethanol and subsequently in xylol.
To localize rDNA sites, fluorescent in situ hybridization ( FISH) was applied on interphase nuclei and mitotic chromosomes. The pTa71 clone from wheat (Gerlach and Bedbrook 1979; kindly provided by R. B. Flavell) and pAT153 from pea (cloned by J. A. Gatehouse and kindly provided by T. H. S. Ellis) are plasmids carrying a complete gene unit containing the 5.8S, 18S, and 25S rDNA subunits. The inserts of 8.6 kb were used as probes and good results were obtained with both wheat and pea rDNA genes. FISH was applied according to Leitch et al. (1994) on roots pretreated as reported previously, fixed for 10 h, and stored in ethanol at Ϫ20ЊC. The probe was labeled with digoxigenin-11-dUTP ( Boehringer Mannheim) and fluorescein isothiocyanate ( FITC)-conjugated sheep antidigoxigenin antibody ( Boehringer Mannheim) was used for detection. The slides were mounted with 5 l of 4Ј,6-diamino-2-phenylindole ( DAPI), 10 l of citifluor, and 10 l of glycerol, and were examined with a fluorescence microscope. The images were acquired by a highly sensitive CCD camera (10 -5 lux) and processed by an image analysis system. The two images obtained by FITC and DAPI were combined in a single image and processed by Adobe Photoshop software.
Pod Fertility
Pod fertility was evaluated as a ratio between fully developed seeds and total ovules per pod. Total ovules include fully developed, unfertilized, and aborted seeds. Aborted seeds were distinguished from the unfertilized ones by their larger size, as confirmed by previous histologic analysis carried out on different material (Conicella and Errico 1993) .
Statistical Analysis
Segregation of modified chromosomes 5 and 7 was analyzed by chi-square test. The segregation ratio concerning the modified chromosome 5 was checked against the expected 1:2:1 theoretical Mendelian ratio in the self-pollination of F 1 BC 5 plant 2-6 ( F 2 BC 5 of 14 plants). For both modified chromosomes 5 and 7, two expected segregation ratios (5:3:1 and 9:3:1) were tested in the self-pollinated progenies of two F 1 BC 5 plants, 22-4 and 23-6, ( F 2 BC 5 of 48 and 52 plants).
Results
Pea chromosomes 5 and 7 with reconstructions were followed by cytologic markers in the segregation analysis. The presence of these modified chromosomes can be easily evaluated since chromosome 5 has both extra rDNA genes and satellite derived from P. fulvum, and chromosome 7 has a longer satellite derived from the wild species as well. Segregation of the modified satellited chromosome 5 was followed in the self-pollination of plant 2-6, which was heterozygous for the reconstruction, both through FISH with an rDNA probe and the satellite count by Schiff's staining. FISH analysis was performed in interphase nuclei for a quick screening of plants carrying the additional rDNA genes on chromosome 5. In fact, FISH clearly revealed four, five, and six signals depending on the absence/presence of one/two satellited chromosome 5 besides two pairs of P. sativum NOR-chromosomes 4 and 7 ( Figure 1 ). In presumed G 2 cells, many of the sites appeared as paired spots very close together which were interpreted as sites on sister chromatids and therefore as a single signal. The segregation of chromosome 5 with the reconstruction fitted the expected 1:2:1 ratio between the karyotypes with the absence (-), presence of one (5-), or two satellited chromosomes 5 (55) ( Table 1 ). The combined segregation of modified chromosomes 5 and 7 was analyzed by considering them in the manner of two unlinked genes. In the self-pollinations of plants 22-4 and 23-6, which were heterozygous for both reconstructions (5-/7-), nine karyotypes were expected at the 1:2: 1:2:4:2:1:2:1 classical ratio. Based on the satellite size and secondary constriction presence, seven karyotypes (55/-, 55/7-, 55/77, 5-/-, 5-/7-, 5-/77,-/-) were identified ( Figure 2 ). The two karyotype reconstructions (-/77,-/7-), with modified chromosome 7 and without modified chromosome 5, whether heterozygous or homozygous, were absent. The karyotypes corresponding to the parental ones, 55/77 (P. fulvum) and-/-(P. sativum), occurred at higher frequencies than expected: 55/77 plants were 16 and 19% of total plants in 22-4 and 23-6 progenies, respectively,-/-plants 11 and 14%.
To identify the causes of segregation distortion, two hypotheses were tested: (1) both male and female gametes which had reconstructed chromosome 7 are equally unable to take part in the fertilization process; and (2) an abortion of the embryos carrying reconstructed chromosome 7 occurs. The hypothesis of gamete selection was tested for both male and female gametes since the gamete unviability on only one side can be excluded given the absence of heterozygous plants-/7-. The karyotypes were grouped as follows: (1) class A-/B-including the presence of both modified chromosomes 5 and 7, heterozygous and homozygous (55/7-, 55/77, 5-/7-, 5-/77); (2) class A-/-with the presence of modified chromosome 5 without modified chromosome 7, heterozygous and homozygous (5-/-, 55/-); and (3) class-/-without both modified chromosomes. Based on the first hypothesis, the expected segregation ratio is 5:3:1; chisquare values were significant in both selfpollinated progenies ( Table 2) . Based on the second hypothesis, chi-square was tested for the 9:3:1 segregation ratio ( Table 2). The values were not significant in either progeny, thereby indicating that embryo abortion caused the segregation distortion. Indeed, pod fertility showed a significant difference between plants with modified chromosomes 5 and 7 (5-/7-) and plants without (-/-) in 23-6 progeny as regards the number of aborted seeds per pod (2.57 versus 3.43).
Discussion
In situ hybridization with a suitable marker such as rDNA was used in pea to monitor the segregation of reconstructed chromosome 5 which was characterized by rDNA genes and the satellite region transferred from P. fulvum by interspecific hybridization Errico et al. 1996) . In fact, rDNA genes are absent in chromosome 5 of P. sativum, whereas they are located in the long arm of chromosome 5 in P. fulvum ( Errico et al. 1991) . The reconstruction of chromosome 5 has no obvious effect on morphologic characters or on its segregation. By contrast, the modification of chromosome 7, which acquired a longer satellite-partially or entirely deriving from P. fulvum-had effected its segregation. In fact, pea plants with modified chromosome 7 and without modified chromosome 5 were never obtained in self-pollinations.
The genetic analysis showed that the cause of the segregation distortion of modified chromosome 7 is the elimination of zygotes-/7-and-/77; a further confirmation was the higher seed abortion detected in plants 5-/7-as compared to plants-/-. Except the satellite region, the different portions of modified chromosome 7 should be mostly of P. sativum following five backcrosses. In fact, the reciprocal translocations T(1-7) and T(3-5) which characterized P. fulvum karyotype (Conicella and Errico 1985) were lost from the third backcross onward as suggested by the increase in pollen fertility value . Moreover, a deficiency of karyotypes with unreconstructed chromosome 7, that is, without the longer satellite, was never observed. Thus the zygotic selection may be controlled by a lethal factor located in the satellite or neighboring regions of modified chromosome 7. There may be a modifying gene in chromosome 5, in the satellite or neighboring regions transferred from P. fulvum, which interacts with and suppresses the effect of the lethal factor of chromosome 7.
This hypothesized model of interaction between two major loci was based on the well-studied system of segregation distortion (SD) which consists of a segregation distorter gene and a responder locus, causing sperm dysfunction in Drosophila melanogaster ( Lyttle 1991) . Strong distortion also requires several linked modifier loci ( Brittnacher and Ganetzky 1984) . The responder locus consists of an array of repeated satellite sequences, whereas the functional product encoded by the Sd region is a truncated version of a nuclear transport protein (Merrill et al. 1999) . In plants, the segregation distortion system could be complex as well, since the gametocidal response is reported under multigenic control. In wheatgrass species there is a system similar to that first reported in fruitfly: in Triticum, when alien chromosome segments of Thinopyrum, Aegilops, and Lophopyrum carrying gametocidal genes are introduced in wheat the gametes lacking the gene are unable to develop ( Endo 1990 ). Most of the distorted segregations are reported to be caused by gamete selection, even if few cases of zygotic selection were evidenced in Solanum diploid hybrids ( Kreike and Stiekema 1997) .
Unbalanced reproduction necessarily implies allelic variation between parental genotypes, and distortion should thus correlate with their level of divergence. Certainly, P. fulvum represents a fully divergent species in the genus Pisum ( Ben-Ze'ev and Zohary 1973; Conicella and Errico 1990; Smartt 1984) . Moreover, the genome size estimated by DNA content was higher in P. fulvum than P. sativum and appeared very homogeneous as compared to other wild pea species ( Baranyi et al. 1996) . Although the results obtained so far are controversial, a relationship between genome size and segregation distortion was suggested in Medicago (Jenczewski et al. 1997) . The systems which maintain P. fulvum reproductively isolated in nature are typical barriers to interspecific hybridization: unviability of the hybrids when P. fulvum was used as the female, negative interactions with P. fulvum cytoplasm, partial male sterility of the hybrids, and presence of reciprocal interchanges ( BenZe'ev and Zohary 1973; Conicella and Errico 1985; Errico et al. 1991) . Moreover, the inbreeding system contributes to maintain the whole genome of P. fulvum in a coadapted gene complex. As evidenced in this work, the segregation distortion system seems to have a significant impact on the genome evolution of P. fulvum as well. Indeed, when the genome equilibrium was forced by interspecific hybridization and backcrosses to P. sativum, segregation distortion played a role by favoring the parental karyotypes over recombinant ones. As suggested by Zamir and Tadmor (1986) , the segregation distortion phenomenon should be taken into account in plant breeding and particularly when introgression of useful traits from wild germplasm into cultivated species is the aim.
